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Textile reinforced mortar (TRM) is mainly used for strengthening of existing structural 
members whereas, on the other hand Textile reinforced concrete (TRC) is a 
technology implied in construction of new members for enhancing the structural 
behaviour. Application of TRM on the tension zone of the reinforced concrete (RC) 
slabs to improve the flexural capacity has been investigated by many researchers in 
the past. However, the effectiveness of textile fabrics, used as internal reinforcement 
in the RC slab (TRC technology) needs to be studied. The paper, therefore, presents 
the experimental research conducted on three one-way RC slabs specimens 
reinforced using textile grid. An innovative Polyacrylonitrile (PAN) based carbon 
textile grid was used as internal reinforcement in combination with the steel bars. 
Two textile-reinforced RC slabs having one and two layers of textile grid (SRC + 1T 
and SRC + 2T respectively) and one reference slab (SRC) was fabricated to investigate 
the flexural behaviour under a four-point loading system. The internal textile 
reinforcement layer(s) was confirmed to be effective, particularly in terms of 
improving the cracking load, ductility, deformability and toughness. The material 
ductility of SRC + 1T and SRC + 2T slabs were increased by 41% and 44% compared to 
SRC slab. Also, the deformability ratio was found to be greater than 4, indicating a 
ductile failure of textile-reinforced slabs. Further, based on the load-deflection 
relation, moment-curvature curves were derived. Moreover, these curves were 
also developed using Eurocode two prediction model. The experimental and the 
predicted moment-curvature curves showed good agreement. 


KEYWORDS 


RC slab, textile reinforcement, cracking load, ductility, deformability, momentcurvature 
curve 


1 Introduction 


The strengthening and retrofitting of existing structures as well as the search for innovative 
construction technologies yielding enhanced strength have been a major concern for engineers in 
recent years. There are various reasons for this, such as structural insufficiency, deficient concrete, 
great incoming loads and sometimes complying with the new standards (Aljazaeri Zena, 2018; Saeed 
et al., 2022b; Zeybek et al., 2022). Several strengthening composites and systems ranging from 
engineered cementitious composites (ECC), fibre reinforced polymers (FRP), textile reinforced 
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mortar (TRM) and steel reinforced grout (SRG) have emerged for 
upgrading the civil engineering structures (Xie et al., 2022; Liu et al., 
2023; Sadrolodabaee et al., 2023). Among these TRM gained great 
recognition as strengthening material for existing structures. Based on 
a similar approach Textile reinforced concrete (TRC) was developed and 
emerged to be an innovative construction technique for new age 
buildings. TRM is mainly used for strengthening of existing structural 
members whereas, on the other hand TRC is a technology implied for new 
structural members for enhanced structural behaviour (Taerwe and 
Matthys, 2013; Dong et al., 2021; Dong et al., 2022). 

TRC is “a unique composite material made by inserting continuous 
textile fabric with fine-grained concrete, which is composed of a cement 
binder and fine particles. Textile reinforcement materials are made up of 
continuous length yarns, which are made up of hundreds, thousands, or 
tens of thousands of filaments. The filaments in the yarn are classified as 
exterior (sleeve) and internal (core). Because the sleeve filaments are only 
in full interface with the surrounding matrix, tensile stresses are 
transferred from the matrix to the yarn sleeve filaments through 
adhesive, while the core filaments, which are in less contact with the 
matrix, act on friction” (Hussein et al., 2022). TRC are well suited for 
situations where strain hardening is necessary, and steel reinforcing can be 
omitted, or for buildings exposed to seismic stresses and requiring high 
ductility (Torres et al., 2015; Saeed et al., 2022a; Qaidi et al., 2022b). 

In international literature, there are a substantial amount of 
research articles on the strengthening effect of TRM in reinforced 
concrete (RC) beams (Loreto et al., 2015; Qaidi et al., 2022a; 
Bencardino and Nisticd, 2022). Loreto et al. (2015) evaluated the 
performance of RC beams strengthened using Fabric reinforced 
cementitious matrix (FRCM) in shear zone in the form of 
U-wraps. The experimental and analytical results indicated that 
increase in the shear capacity of the FRCM strengthened beam was 
not proportionally to the number of placed fabric layers and FRCM 
failure modes were found to be dependent on the amount of external 
reinforcement. Similarly, Bencardino and Nisticò (2022) also 
investigated the behaviour of different Steel-FRCM beams in direct 
shear and flexure. Two different unidirectional steel fibres were used 
namely, stainless steel and galvanized high strength steel. Debonding 
between the matrix-fibre interface (mode C) and Steel-FRCM 
composite (mode B) was witnessed, confirming the non- 
involvement of the concrete substrates. Ombres (2011) reported an 
increase in bearing capacity of RC beams strengthened using one to 
three layers of PBO (Polypara-phenylene-benzo-bisthiazole) fabric 
mesh by 16%, 33% and 40% respectively, compared to an un- 
strengthened RC beam. Ebead et al. (2019) observed that RC 
beams strengthened using one or two layers of PBO fabric failed to 
fabric slippage whereas, failed due to delamination of layers when 
three layers of strengthening were adopted. This similar phenomenon 
was also observed by Elsanadedy et al. (2013); Bencardino and Nisticò 
(2022). Besides Elsanadedy et al. (2013) also compared the ductility 
response of FRP and TRM (basalt-based textile) strengthened RC 
beams wherein the ductility of TRM strengthened beam was found to 
be superior to the FRP strengthened beam. Therefore, strengthening of 
RC beams using different types of textile reinforcement systems has 
shown a potential enhancement in flexural capacity accompanied by a 
reduction in deflection magnitude as well as crack width (Bencardino 
and Nisticò, 2022). 

Consequently, research on the strengthening of RC slabs using the 
TRM, are rather limited in the open literature (Loreto et al., 2014; 
Koutas and Bournas, 2017; Althoey et al., 2022; Çelik et al., 2022). Loreto 
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et al. (2014) studied the behavior of an RC slab with an externally 
reinforced fabric (PBO) reinforced cementitious matrix layer on the 
tension face. When the number of fabric layers was increased, the load 
capacity of the slab improved. TRM (uncoated/dry carbon and glass 
fiber rovings) strengthening of two-way slab enhanced pre-cracking and 
post-cracking stiffness, as well as cracking load, according to Koutas and 
Bournas (2017); Zhang et al. (2022) investigated the flexural behavior of 
one-way RC slabs reinforced with textile-reinforced geopolymer mortar 
(TRGM) and textile-reinforced polymer mortar (TRPM). The findings 
revealed that TRGM reinforced slabs had greater flexural capacity and 
better fracture control than TRPM strengthened slabs. Furthermore, it 
was discovered that increasing the number of layers and lowering the 
gap between the lateral textiles increased the flexural capacity of slabs 
(Papanicolaou et al., 2009; Ahmed et al., 2021; Tayeh et al., 2022; Unis 
Ahmed et al., 2022). 

And only one research article has been reported till date on the 
manufacturing of one-way RC slabs using TRC technology (Schladitz 
et al., 2012). Schladitz et al. (2012) found that one-way RC slabs 
reinforced with one to four layers of Polymer-coated fabric composed 
of carbon rovings had a considerable improvement in load-bearing 
capacity and a reduction in slab deflection when compared to a 
reference RC slab with no textile layer. 

Despite the available research findings on TRC slabs, experimental 
investigation considering different combinations of textile and the 
cementitious matrix is further required. The objective of the present 
study is to investigate the four-point flexural bending behaviour of 
textile reinforced RC slab with a thickness of 50 mm, having one and 
two internal layers of an innovative Polyacrylonitrile (PAN) based 
carbon textile grid. An extensive discussion of results has been 
presented in terms of; load-deflection curve, failure mode, cracking 
pattern, strain profile and moment-curvature relation of the slabs. A 
total of three one-way slabs were fabricated; reference/steel reinforced 
concrete (SRC) slab having only steel reinforcement, steel reinforced 
concrete slab having one layer of textile grid (SRC + 1T) and steel 
reinforced concrete slab having two layers of textile grid (SRC + 2T). 


2 Experimental study 


2.1 Materials 


Fine grain concrete was prepared using Iraqi Portland cement 
(Grade-43) confirming the Iraqi specification (Specification I. S., 
1984), and fine anti-slip sand having a maximum size of 1.18 mm, 
graded as per (Specification I., 1984) was used. The average cylinder 
compressive strength, split tensile strength and modulus of elasticity 
were experimentally determined in the laboratory according to ASTM 
C-496 (Designation, 1996). The corresponding values 51 MPa, 
4.14 MPa and 31528 MPa were observed. 

The primary and secondary steel reinforcing bars were both 
deformed and hot-rolled to 4.45mm in diameter. According to 
ASTM A615 (American Society for Testing and Materials (ASTM), 
2000), the average yield strength was 390 MPa, the yield strain was 
0.002, the ultimate strength was 464.7 MPa, and the modulus of 
elasticity was 195000 MPa. 

A woven and balanced PAN based carbon textile grid (as shown in 
Figure 1) was used in this study. The mechanical properties of the PAN 
textile provided by the manufacturer (Jiaxing Newtex Composites) are 
summarized in Table 1. The nominal size of the PAN grids was 20 x 25 
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FIGURE 1 
PAN based carbon textile grid. 
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TABLE 1 Properties of PAN textile reinforcement provided by the manufacturer. 


Weight (kg/m?) 


Thickness (mm) 


Mesh size (mm x mm) 


Tensile strength (MPa) Elastic modulus (MPa) 


0.16 + 0.01 0.2 20 x 25 


3530 230000 


(mm/?). The equivalent thickness of the textile was 0.2 mm with the 
cross-sectional area of each yarn 0.4-0.6 mm? in both warp and weft 
directions. The tensile strength of the textile was 3530 MPa in both 
orthogonal directions. 

For enhancing the bond between the cement matrix and PAN grid, 
a special mortar was used to cast the textile-reinforced slabs having 
one and two layers of PAN textile. The mortar matrix consists of 
Portland cement (PC-43), fine anti-slip sand (max. size < 1.18 mm), 
silica fume and water in the proportion 650: 1,215: 65: 250 by weight 
(kg/m*). The water/cement ratio (w/c) was taken as 0.36 and 15.37 kg/ 
m° of super-plasticizer was added to the matrix. 


2.2 Preparation of test specimen 


Herein, three slabs having dimensions 1,500 x 500 x 50 (mm?) were 
cast using the hands layup procedure. All the slabs were cast in the 
plywood mould. Before the cast, strain gauges were fixed, one on the 
central longitudinal steel bar and another was attached to the middle 
yarn of each PAN grid with the help of a strong adhesive. Also, these 
strain gauges were coated with a thin resin coating for protection against 
susceptible moisture and damage. In the reference slab- SRC, 
longitudinal and transverse steel bars (®4.45 mm) were placed 
@115mm and @240 mm c/c respectively and casting was done 
using fine grain concrete. A clear cover of 10 mm was provided. The 
cross-sectional view of the SRC slab is shown in Figure 2A. Textile- 
reinforced slab SRC+1T, was cast using polymer cement matrix. A 
10 mm thick layer of polymer cement matrix was poured into the mould 
above which a 0.2 mm thick layer of PAN grid was placed. Again, a 
4-5 mm thick cement layer was placed, above which the longitudinal 
and transverse steel bars (04.45 mm) were placed in a similar pattern as 
in SRC. The detailed cross-sectional view of SRC + 1T is illustrated in 
Figure 2B. In slab SRC + 2T, one more layer of PAN textile was 
introduced into the cement matrix above the steel reinforcement. 
Following the similar steps of slab cast as in SRC + 1T, after the 
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placement of steel bars, a 4-5 mm thick polymer cement layer was 
poured, above which the second layer of PAN grid was placed, see 
Figure 2C. The slabs were removed from the mould after 48 h and cured 
in large basins for a period of 28 days in the laboratory environment. 
Later, the slabs were painted to give it a final finishing touch prior to 
testing. Also, at this stage, an external strain gauge was placed using 
adhesive, on the upper face of each slab as shown in Figure 2. 


2.3 Test setup 


The flexural behaviour of three slab specimens was verified using a 
four-point bending test in the department of Civil engineering, College 
of Engineering, Diyala University, Iraq. The test setup is as shown in 
Figure 3. Each slab specimen was placed simply supported over a clear 
span of 1,400mm with a 50mm overhang on both ends. Two 
concentrated loads 300 mm apart were applied at the mid span of 
the slab through a hydraulic system. The deflection of the slab was 
measured using three dial gauges. An electronic dial gauge was placed 
under the mid span of the slab. The other two mechanical dial gauges 
were placed under the slab at a distance of 400 mm from each support. 
The embedded strain gauges were connected to a Data logger (TDC- 
530) to measure the corresponding strain in the PAN grid, steel 
reinforcement and concrete. The load was applied and the readings 
for the strain and deflection were reported for every 0.1-1 kN 
increment. Upon the failure of the specimen, the crack width was 
measured using a micro crack meter. 


3 Discussion of the experimental results 


The results pertaining to the flexural behaviour of slabs; SRC, SRC 
+ 1T and SRC + 2T subjected to a four-point bending test have been 
summarized in Table Al in appendix. Also, the results have been 
compared with the similar studies existing in literature. 


frontiersin.org 


Abd et al. 
® 4.45 mm @ 115 mm 
Thickness = 0.2 mm 
B 
Cc Thickness = 0.2mm 
FIGURE 2 


Details of the slab specimen (A) SRC (B) SRC + 1T (C) SRC + 2T. 


® 4.45mm @ 240 mm 
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Strain gauge 


Longitudinal steel bars 
10mm 
Transverse steel bars 


Strengthening layer 
(PAN grid) 


10mm 


10mm 


FIGURE 3 
Laboratory setup for the four-point bending test of the slab specimens. 


tha} Mica 


3.1 Load-deflection curve 


Figure 4 depicts the load-deflection curve for the three tested slab 
specimens. For describing the flexural behaviour of the slabs, the load- 
deflection curve has been divided into four regions: uncracked (OA), 
crack development (AB), crack stabilization (BC) and fully cracked/ 
failure (CD). The values of the characteristic points: cracking, yield 
and ultimate are summarized and compared with the existing studies 
in Table A1 (Col. 11-17). 

The region OA clear indicates the elastic region where load and 
deflection linearly increase to arrive at the cracking point. This region 
is principally governed by the stiffness of the concrete matrix. In slab 
SRC the first cracking was observed at 1.2 kN load (P«r), deflecting the 
slab by 0.83 mm (A;r). In SRC+1T, the same was witnessed at 2.09 kN 
causing a deflection of 1.31 mm in the slab. And, in slab SRC+2T, Po 
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and corresponding As were observed as 3.48 kN and 2.07 mm 
respectively. Hence, Per in SRC + 1T and SRC + 2T were increased 
by about 74.2% and 190% respectively compared with the SRC first 
crack load. In the region AB, a perceptible jump in load was noticed 
with minimal increase in the magnitude as well as, consecutive crack 
formation. Here, the tensile load was absorbed by the steel and textile 
reinforcement and subsequently, steel reinforcement reaches the yield 
point. For the slabs SRC, SRC + 1T, and SRC + 2T; the capacity at yield 
point (Py) was marked at 4.20 kN, 7.05 KN and 8.55 KN respectively. 
The load at the yield of the steel reinforcement was increased in SRC + 
1T and SRC + 2T by about 115% and 91.5% respectively compared to 
the SRC yield load, due to the contribution of textile reinforcement in 
bearing the load. Also, the corresponding yield deflections (Ay) of 
15.20 mm, 19.17 mm and 19.63 mm respectively were recorded for 
SRC, SRC + 1T and SRC + 2T. Following the yielding of steel bars, in 
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the region BC, the additional load was further afforded by the PAN 
textile reinforcement until the ultimate point was reached. The cracks 
in this region were stabilized, which may be attributed to the textile 
reinforcement effect in bridging the micro cracks. Then the load 
rapidly drops off marking the failure of the textile reinforcement layer 
(region CD). The region BC represents a gain in stiffness (Orosz et al., 
2010) of textile reinforcement known as deformation hardening in 
flexure (Williams Portal et al., 2017; Qaidi et al., 2022f; Qaidi et al., 
2022g). The ultimate capacity (Pu) for the slabs SRC, SRC + 1T and 
SRC + 2T was observed as 5.50 kN, 9.31 kN and 11.17 kN; 
contributing to an ultimate deflection (A,) of 26.04 mm, 
46.03 mm and 48.28 mm respectively. In the case of slab SRC, 
region BC was not pragmatic, due to the nonexistence of textile 
reinforcement layer and failure of steel reinforcement after the first 
cracking. 


3.2 Cracking pattern and mode of failure 


Table 2 illustrates the crack details for the three tested slabs. 
The cracking load to the ultimate load ratio (P.,/P,,) was observed 
to be 0.218, 0.229 and 0.311 in slabs; SRC, SRC + 1T and SRC + 2T 
respectively. The increase in this ratio ascribes a delay in the first 
crack occurrence in the case of textile-reinforced slabs since it 
inhibits 
composite reaches a multiple cracking stage by transferring the 


the micro-cracks extension. The textile-reinforced 
tensile stresses to the closest uncracked mortar. When the concrete 
reaches its ultimate tensile strength, the crack appears, and the 
stresses are transferred to the next adjacent point in the same zone 
till it is also cracked. This contribution of tensioned concrete 
between the cracks is defined as tension stiffening (Torres et al., 
2015). The spacing between the previous and the new cracks 
depends on the bond strength. The spacing between the two 
closest cracks in SR was found to be ~30 mm whereas; in case 
of SRC + 1T and SRC+2T, this was ~20mm and ~10mm 
respectively. Also, the widths of the crack were measured as 
0.340 mm, 0.241 mm and 0.238mm respectively. Yin et al. 
(2014) also reported a comparable reduction in crack width in 
the case of textile-reinforced RC beams compared to conventional 
RC beam. Additionally, it was also verified that crack formation 
and textile reinforcement ratio are inversely related. The deflection 
at first cracking (As) in SRC + 1T and SRC + 2T was increased by 
63.8% and 158.8% respectively. This similar behaviour of increase 
in Ax with the increase in the number of textile layers was also 
reported by Dong et al. (2021). However, the results contradict the 
observations of the uniaxial tensile test of TRM (Yang et al., 2019). 
The reason can be credited to the dissimilar stress states of tension 
and bending (Dong et al., 2021; Qaidi et al., 2022d; Qaidi et al., 
2022e; Ibrahim et al., 2022). On the other hand, Ay of the three slab 
specimens was almost at the same level (between 15.2 and 
19.63 mm) which confirms, that the yield point is primarily 
governed by the longitudinal steel reinforcement. 

Further, to have an insight into the mode of failure in the slab 
specimen, two parameters are of interest: deformability factor and 
ductility ratio. The deformability factor, according to the Canadian 
Standards Association (Association, 2012), is the product of the 
strength and deflection factors provided by Eqs 1, 2: 
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Py 
Stength factor = ; (1) 
0.001 
. Au 
Deflection factor = ; (2) 
001 
where Pooo1 and Aoooi represents the load and deflection 


corresponding to strain = 0.001 respectively. The deformability 
factor for SRC cannot be obtained since the steel and concrete 
failed even before reaching the strain = 0.001 which corresponds to 
the brittle failure of the slab. The same for the slabs SRC + 1T and SRC 
+ 2T was obtained as 5.78 and 5.04 respectively. Since these values are 
greater than 4, clearly indicate the ductile failure of slabs (Association, 
2012). 

Further, the member ductility ratio is calculated from the 
following relation given in Eq. 3: 


ra (3) 


Concerning, Ay of the three slabs are at the same level, rT will 
principally be controlled by A,. For the slabs, a larger deflection was 
observed after the yield point, while the change in load was quite 
subordinate. This behaviour represents the strain hardening phase 
where the tensile reinforcement is forced outside the yield stage and 
reaches up to the hardening stage (Qaidi et al., 2021; Qaidi et al., 2022c; 
Emad et al., 2022; Faraj et al., 2022). The I of slabs SRC, SRC + 1T and 
SRC + 2T were 1.71, 2.41 and 2.46 respectively. The increase in T, 
confirms an improved ductile behaviour offered by the textile 
reinforcement. The failure and crack pattern of the three slab 
specimens is depicted in Figure 5. 


3.3 Strain profile at mid span 


The strain gauge readings of the slabs; SRC, SRC + 1T, and SRC 
+ 2T were shown at various load levels in Figures 6-8 based on data 
logger observations. During the elastic state, the change in strain in 
relation to the position of the gauge was found to be linear. 
However, after cracking, the tension in the textile layer 
increased rapidly. Also, as seen in Figure 9, the depth of the 
compression zone (x/d) decreases fast with increasing load, 
which may be ascribed to the steel reinforcement’s steadily 
developing strain. In the case of SRC + 1T and SRC + 2T, 
however, the curves decrease more slowly than the SRC curve. 
This of the textile 
contribution to stress bearing (Akeed et al., 2022; Al-Tayeb 
et al, 2022; Almeshal et al., 2022). This 
contribution seems to be uniform in the case of SRC + 2T, 


illustrates the nature reinforcement’s 


cooperative 
which may explain for its larger textile reinforcement ratio as 
compared to SRC + IT. 
3.4 Toughness 

Material toughness can be defined as the ability of the material to 
absorb energy in the plastic region. The area under the force- 
deformation curve or the stress-strain curve of the tested specimen 


under flexure is denoted as the toughness of the material. 
Mathematically, it can be defined as in Eq. 4. 
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Load (kN) 


SRC ---- SRC+1T 
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Deflection (mm) 


FIGURE 4 
Comparison of load-deflection curve for the three slab specimens. 


A 
U, = | Pax (4) 


This area (U,) represents the energy per unit volume, which the 
material can acquire till rupture (Carneiro et al., 2005). ‘x’ is the 
deflection in the slab, A is the mid span deflection corresponding to the 
load P. The toughness of the tested slabs was calculated by two 
methods; Method one- numerical integration by trapezoidal rule 
and, Method two- integration of the load-deflection curve equation 
obtained from the curve fitting in Microsoft Excel. Figure 10 compares 
the toughness of the three tested slabs calculated by the two methods. 
The absorbed energy (toughness) in SRC, SRC + 1T and SRC + 2T, 
evaluated using Method one are 99.44, 314.58 and 397.21 kJ/m? 
whereas, while using Method 2, the same were calculated as 100.82, 
312.72 and 396.51 kJ/m’ respectively. The toughness evaluated using 
both the methods is satisfactorily correlated having COV = 0.9%, 0.4% 
and 0.1% for the three slabs. Moreover, textile reinforcement in SRC 
+1 T and SRC + 2T has enhanced the toughness by 210% and 293% 
respectively compared to SRC. 


3.5 Experimental moment-curvature relation 


For the slab specimen subjected to four-point bending test (refer, 
Figure 11), the forces responsible for maximum bending moment will 
be; the self-weight of the slab (concrete + steel + strengthening) and 
the incoming external load P). Therefore, the equation for maximum 
flexural moment is given by [refer, Eq. 5], 


_ WoLert” y WacLest” P P 
8 8 4 


M 


(L’ - Ler). (5) 


The notations used in Eq. (5) are indicated in Figure 11. W, and 
Wrc are the self-weight of PAN grid and RC slab respectively. 
These self-weights are computed as a line load (Schladitz et al., 
2012) and, moment was calculated for different magnitudes of load 
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acting on the slab. The density of concrete was assumed as 
25 kN/m’. 

The curvature at each load is derived from the equilibrium and 
strain compatibility equation (Torres et al., 2015) and is given as in 
Eq. 6, 

Ec Er 
ý Xeq (d= Xeq)’ = 
where d is the effective depth of the section (here, d = 40 mm), Xeq is 
the position of equivalent neutral axis, €< and e; are the maximum 
strain in the concrete and reinforcement respectively. 

The moment curvature plot obtained from the experimental 
observations has been plotted in Figure 12. The curvature of the 
three-slab specimen remained comparable till 0.33 kNm, which is also 
the experimental cracking moment (M.,) of the slab SRC. At 1 kNm 
moment, identified as 
~60 x 10-°/mm whereas, at the same moment the curvature in 
textile-reinforced slabs; SRC + 1T and SRC + 2T was observed as 
25 and 15 (x 107°/mm) respectively. This decrease in curvature can be 
directly correlated to the tension stiffing effect of the textile 
reinforcement. The ultimate moment (M,) in the slabs SRC, SRC 
+ 1T and SRC + 2T was obtained at 1.4 kNm, 2.5 kNm and 3.1 kNm 
with corresponding curvature 100, 126 and 162 (x 10-°/mm) 
respectievly. 


the curvature in the reference was 


3.6 Predicted moment-curvature relation 


EN 1992-1-1 (generally referred as Eurocode 2 (Institution, 
2004)) deals with the rules and concepts required for designing 
concrete, reinforced concrete and prestressed concrete structures. 
Suitability of moment curvature prediction using Eurocode 2 has 
been widely accepted (Torres et al., 2015) for steel reinforced 
concrete and fibre reinforced concrete elements. Eurocode two 
interpolates the moment curvature between the fully cracked and 
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TABLE 2 Details of the crack pattern and failure mode. 


10.3389/fmats.2023.1070457 


Slab symbol (Per/Pu) Crack width (in Spacing ~No. Of cracks Deformability factor Mode of failure 
mm) at between the 
crack (mm) 
Min Max 
SRC 0.218 0.06 0.340 30 70 15 i Brittle 
SRC + 1T 0.229 0.02 0.241 20 30 26 5.78 Ductile 
SRC + 2T 0.311 0.02 0.238 10 30 24 5.04 Ductile 
FIGURE 5 
Flexural failure of slabs; (A) SRC (B) SRC + 1T (C) SRC + 2T. 


uncracked states, classically represented as in Figure 13. The 
bending and deformation behaviour of reinforced concrete 
typically has two states: state 1, uncracked and, state 2, fully 
cracked. The state one is governed by the linear elastic 
behaviour in both concrete and reinforcement. While, state 2, 
exhibits a nonlinear behaviour where, the reinforcement takes 
up all the tensile stresses acting on the member after cracking. 
The following Eq. 7 expresses the average curvature as: 


y = (1-8), + čo. (7) 


Here, p, and 9, represents the curvatures corresponding to state 1 
(uncracked) and state 2 (fully cracked) respectively. The coefficient § 
indicates the vicinity of the stress-strain state to the cracking. Its value 
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approaches to zero at the cracking and reaches unity with the loading 
advancement (Institution, 2004). 


b= 1- Bp’. (8) 


The f coefficient in Eq. 8 accounts for the impact and duration of 
loading (taken as, one for short-term loading and 0.5 for sustained or 
repeated loading). represents the cracking moment to applied 
moment ratio, (i.e., 4 = Ma/M). 

Further, using the classical relation of ‘strength of materials’, the 
curvature p; and ọ, for the member can be calculated as given in Eq. 9 
below: 

M 


Pi (2) = Elio (9) 
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Here, F. is the modulus of elasticity of concrete. and Iz 
corresponds to the moment of inertia of uncracked and fully 
cracked sections, respectively. 

The cracking moment of the reinforced concrete section is given as: 
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FIGURE 6 : 
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FIGURE 7 Comparison of toughness between the slab specimens. 
Strain profile of slab SRC+1T. 
Me = o-Z1. (10) 
In Eq. 10, of is the tensile strength of concrete and Z; is the section 
E " =E- 2.16kN modulus in uncracked state 1. Now, considering the case of short-term 
E —t— 3.94KN loading (£ = 1) and using Eqs 3, 4, equivalent flexural stiffness in terms 
& —>—6.02kN of equivalent moment of inertia can be derived [refer, Eq. 11]; 
S 
Sa —*— 8.05kKN LI 
5 30 Iq = ——— (11) 
£ —®— 10.10kN bw +l (1- p?) 
S 20 4 o —#—11.17kN . 
E where I; andI, represents the moment of inertia of uncracked and 
s T i 
hi 10 + fully cracked states respectively. 
a 
6 : ; Reus 
Honk p H Soi ond Grae On the other hand, the equivalent omen of inertia for the 
Strain: (miin) cracked section derived using inverse relation (Torres et al., 
2015) is given in Eq. 12, 
FIGURE 8 
Strain profile of slab SRC + 2T. L2 M 
eq gE, 
1 Keg \" 1 /Xe 
=36(Z) C-C} a2 
2 d 3\d 


where d and b are the effective depth and width of the cross-section. 
Ratio (*) is referred to as the relative depth of the compression zone. 
On equating Eqs 11, 12, equation for the relative depth of the 
compression zone is subsequently obtained. 
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FIGURE 11 
(A) Flexural test of slab (B) Cross-sectional stress and strain distribution. 
(3) 1-3 - tlh (13) i 
3 ——SRC = = =SRCHT ceses SRC+2T 
$ ne 6($) {Wh/h + (1- p)} a i 

The above Eq. 13 indicates that A) is dependent on the relative cs cr rere aa 
effective depth of the section (4) and on the ratio I,/I,. The latter can hie — ais 
be expressed as Eq. 14, is -7 aA 

E > = ee 
tbdx*}1-< Š or 
L/h I { 3 al = 154 ara 
bD à se Sessa 
x\? 1/x d\’ al 
=6 1- ‘ 14 |? E 
(3) f OHG) i = a 
0 T T T 1 
where I, can be calculated from Eq. 11 applied to a fully cracked 0 50 100 150 200 
section and, the normalized depth of neutral axis (4) can be evaluated 
$ Curvature (p *10-5) 
by using Eq. 15 (Taerwe and Matthys, 2013); 
r FIGURE 12 
q =—Npt v(np)” + 2np, (15) Experimentally obtained moment-curvature variation for the slab 
specimens. 
where x represents the depth of neutral axis for the fully cracked - - 
section and, n denotes the modular ratio of the modulus of elasticity of 
the bare bar and concrete. Consequently, the ratio (12/1) in Eq. 10 and 
(G) in Eq. 9, depends only on np and (8). M 
oment 
The moment curvature curve for the uncracked state, fully Interpolated curve , 


cracked states and the interpolated curve (as per (Institution, 
2004)) has been plotted in Figure 14. The experimental and 
Eurocode two curve have also been compared. For slab SRC and 
SRC + 2T (refer, Figures 13A, C), corresponding to 1KNm moment, 
the experimental and predicted (Eurocode 2) curvatures were 
found to be equivalent 55 x 10-°/mm (SRC) and 12 x 10°°/mm 
(SRC + 2T). In case of SRC + 1T (refer, Figure 13B), at moment 
1kNm, the experimental and predicted curvature are ~11 and 
21 (x10°/mm) respectively (Coefficient of variation, COV = 
0.4). Therefore, all the three slabs reflect a good correlation 
between the experimental and the predicted curve. 


4 Conclusion 


In the present study three slabs, reference slab SRC and two 
textile reinforced slabs having one (SRC + 1T) and two (SRC + 2T) 
textile layers placed internally with the concrete matrix were tested 
under four-point flexure machine. The effect of the improved 
textile reinforced RC slabs has been discussed in terms of load- 
deflection curve, cracking pattern, failure mode, strain profile, 
moment curvature relation and toughness with respect to the 
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Q, = M/E, I 
} Spl A Uncracked state 


Curvature (0) 


FIGURE 13 
Moment-curvature relation as per Eurocode 2 (redrawn from 
(Institution, 2004)). 


reference slab. Also, based on the test results, the moment- 
curvature relation was developed and compared with the 
predicted curve derived using Eurocode 2. The following 
conclusions have been summarized below. 
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e The textile reinforcing layer has shown to be effective, 
especially in terms of increasing cracking load. The load 
capacity of the textile reinforced slabs at the cracking, 
yield, and ultimate points was increased by 74%, 68%, and 
66%, respectively, in SRC + 1T, and by 190%, 104%, and 
103%, respectively, in SRC+2T. 
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e The mid span deflections of the textile-reinforced slabs were enhanced 
by 64-159% at the cracking point and, deflection at ultimate point 
were increased by 77-85%. On the other hand, at the yield point, the 
mid span deflections were approximately at the same level. 

e The spacing between the two closest cracks in SRC was found to 
be 30 mm whereas; in case of SRC + 1T and SRC + 2T it was 
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20 mm and 10 mm respectively. Also, the widths of the crack were 

found to be ~0.340 mm, ~0.241 mm and ~0.238 mm respectively. 
e The addition of textile reinforcement has been confirmed to be 
efficient by improving the material ductility of SRC + 1T and SRC + 
2T slabs by 41% and 44%. Also, the deformability ratio was found to 
be greater than 4, indicating a ductile failure of textile-reinforced 
slabs. Moreover, textile reinforcement enhanced the toughness by 
210% and 293% respectively compared to SRC. 
Based on the obtained load-deflection relation and strain values, 


moment-curvature curve was developed. A predicted curve 
based on the formulation of Eurocode two was also 
evaluated. In all the three slabs a good agreement was 


exhibited between the experiment and predicted curve. 
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TABLE A1 Results of the present experimental test and its comparison with existing literature studies. 


References Slab Loading Compressive Steel bars reinforcement layers es es y Au Ductility 
dimension type strength of cem (mm) ratio T) 
(mm) matrix (MPa) Diameter Yield Ultimate Laying Number 
(mm) strength strength position of layers 
(MPa) (MPa) 
1 2 3 4 5 6 7 8 9 10 ll 12 13 14 15 16 17 
Present Study (1500 x 150 x 50) 4-point 51.0 4.45 390 - = x 0 (SRC) 1.2 0.8 42 15.2 5.5 26.1 171 
PAN (Polyacrylonitrile) 3530 Internal 1 (SRC+1T) 2.09 131 7.05 19.17 9.13 46.30 241 
based carbon textile 
2 (SRC+2T) 3.48 2.07 8.55 19.63 11.17 48.28 2.46 
Dong et al. (2021) 2000 x 500 x 100 4-point 35.8 8 432 Carbon textile 3600 External 1 11.8 0.9 30.3 10.4 39.1 24.7 1.29 
Aljazaeri Zena (2286 x 457 x 152) 4-point 38.0 10 482 Polyparaphenylene 5,800 External 1 = = 49.0 10.0 85.0 59.0 1.73 
(2018) benzobisoxazole (PBO) 
fabric 2 - - 49.0 9.7 89.0 41.0 1.82 
Carbon-fiber grid with a 496 External 1 = = 53.0 12.0 67.0 20.0 1.26 
polymer coating 
2 - > 53.0 8.5 85.0 23.0 1.60 
Steel-reinforced polymer 2,482 External 1 - s 53.0 11.0 89.0 45.0 1.68 
2 > > 49.0 10.0 98.0 53.0 2.00 
Loreto et al. (2014) (1892 x 305 x 152) 3-point 45.5 95 414 Polyparaphenylene 1,058 External 1 = = - + 42.0 21.81 = 
benzobisoxazole (PBO) 
fabric 
Schladitz et al. (7000 x 1000 x 230) 4-point 40.0 12 574 Polymer-coated fabric made x Internal 1 = = z s 58.0 223.0 - 
(2012) of carbon roving (SIGRAFIL 
C30 T050 EPY) 2 - - - - 96.0 229.0 - 
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